1) Introduction
Noroviruses (NoV) are the most common cause of sporadic and epidemic gastroenteritis in the United States and Europe across all age groups, and are estimated to be responsible for as much as 20% of all acute gastroenteritis worldwide [1] [2] [3] . Infection with this food-borne pathogen causes profuse vomiting and diarrhea, which is typically self-resolving, though Most NoV strains generally infect hosts in a species-dependent manner, which has hindered research on human NoV because of a lack of small animal models. However, many surrogate Caliciviridae have been used in lieu of human NoV (Table 1) . Though these surrogate viruses are diverse, much like human NoV, the majority of research has been with specific canonical strains, such as Tulane virus and MNV-1.CW3 (Table 1) .
Limitations of the existing in vivo models of human NoV infection include differences in cellular tropism, host-receptor targets, enteric pathology, and mechanism of infection. Until recently [31] in vitro models have faced similar challenges, including the absence of replicable cell culture systems for human NoV [32] .
Although it has not yet been replicated or used in other studies, a recent study reported modest replication of human NoV in the human BJAB B-cell line in vitro [31] . The cell culture system built on an earlier discovery that some bacteria produce histo-blood group antigen (HBGA)-like substances on their surfaces, which can bind human NoVs [33] . HBGAs are present on the surface of erythrocytes and intestinal epithelial cells. NoVs bind HBGAs in a strain-dependent manner, with certain strains only binding to specific HBGAs [34] . HBGA-blocking antibodies have been shown to prevent NoVs from binding to HBGAs, which may reduce the ability of NoV to enter host cells (reviewed in [21, 35] ). Jones et al. [31] co-cultured BJAB cells with killed Enterobacter cloacae, a bacterium that expresses H-, A-, and B-type HBGAs on its surface [33] , to grow GII.4-Sydney NoV. When NoVs bound HBGAs, it allowed for attachment to the surface of B cells, leading to infection. The BJAB model also sustained NoV replication when the cells were cultured with synthetic H antigen [31] , suggesting that it may be possible to allow replication of other NoV strains through the addition of different HBGA to the culture. The researchers also found that NoV in unfiltered stool containing HBGA were able to pass through a polarized epithelial cell barrier to infect B cells in a separate compartment [31] , which may be a potential mechanism of in vivo infection (Fig. 1 ).
There are multiple in vivo models of human NoV infection, but each has substantial limitations. For example, chimpanzees have been shown to be susceptible to GI.1 human NoV, have a similar immune system to humans, and shed virus for a similar duration (duration in GI.1-infected chimpanzees: 23 days [36] ; in GI.1-infected humans: 17-28 days [37, 38] ), but their infection is asymptomatic and regulatory challenges make widespread use prohibitive [36] . Gnotobiotic pigs and calves can be infected with human GII. 4 NoV, and they develop gastrointestinal symptoms, but they shed virus for a shorter period of time (mean duration in GII.4-infected pigs and calves: 4 days [39, 40] ; mean duration in GII.4-infected humans: 6+ days [41, 42] ) and the financial and technical difficulties of working with these animals limits their availability [39, 43] . BALB/c mice deficient in Rag-γc also are susceptible to human NoV and are more widely available, but they require intraperitoneal inoculation and experience short and asymptomatic infection [44] . These difficulties have led to the use of human challenge studies as a major means of understanding NoV immunology (Table 2) [42, [45] [46] [47] [48] [49] .
3) NoV infection
Human NoV infection can be symptomatic or asymptomatic. Based on human challenge studies and outbreak data, 15%-35% of all infected individuals are asymptomatic [37, 38, 42, 45, 50] . Symptom onset occurs 24-48 hours after exposure. Individuals are typically afebrile or have a low fever with vomiting and diarrhea [51] . In immunocompetent individuals, diarrhea is non-bloody, has low levels of lactoferrin (a marker of intestinal polymorphonuclear leukocyte inflammation) and few fecal leukocytes relative to bacterial diarrheas [52] . Diarrhea may be caused by epithelial barrier dysfunction and increased anion transport [53] . In immunocompetent individuals, symptoms generally resolve within 24-48 hours but intensity of symptoms may depend on NoV strains. Immunosuppressed individuals and neonates can have more severe and protracted symptoms, including fatal complications [5, 7] .
Symptomatic and asymptomatic individuals both shed virus in stool at high levels for extended periods of time following infection [37, 38, 50] . Peak viral RNA titers reach 10 9 -10 12 genomic equivalent copies (GEC)/g stool in symptomatic individuals and may be 1-2 logs lower in asymptomatic individuals [37, 38] . A heterogeneity in the duration of shedding has been shown, with individuals shedding detectable levels of virus for a median of approximately 30 days, though durations as short as 5 or as long as 60 days have been reported in healthy adults [37, 38, 45, 50] . Immunocompromised individuals may be chronically infected and have been documented to shed NoV for years [54] .
Histologically, human NoV infection causes alterations of the gut mucosa. Infected individuals may have small lesions of the duodenum with increased enterocyte apoptosis, flattened villi, crypt hypertrophy, mucosal inflammation, and disruption of the epithelial barrier function [53, 55, 56] . This is accompanied by neutrophil and mononuclear cell infiltration of the lamina propria and disruption of absorptive cells [55] . In the epithelium, there is a significant increase in perforin-producing CD8 + intraepithelial lymphocytes (IELs) and a slight increase in CD4 + IELs [53] . Histologic changes have been reported in both symptomatic and asymptomatic individuals, suggesting that asymptomatic individuals may have sub-clinical symptoms [55, 56] . Though the cellular tropism of human NoV remains unknown, the observed changes to epithelial cells and cells in the lamina propria following infection suggest that they may be possible sites of replication [55, 56] .
Animal models of NoV infection display a broad range of gut histology, which partially mimic human infection (Table 1) . For example, symptomatic AG129 mice infected with MNV-1.CW3 exhibit epithelial necrosis and mild lymphocytic infiltrate [57] . Some gnotobiotic calves and pigs infected with GII.4 NoV develop villous blunting in the duodenum, which appears similar to the pathological changes observed in humans [39, 43, 58] . In these animals, gut epithelial cells and cells in the lamina propria serve as targets for NoV infection [59, 60] . Rhesus macaques inoculated with Tulane Virus have lymphocytic infiltration of the lamina propria and moderate villous blunting [61] . Chimpanzees do not have histopathologic changes to the duodenum or jejunum following infection with GI.1 NoV [36] .
4) Norovirus Immunity
Protection from NoV infection has both genetic and immunologic components. The genetic factors associated with protection from NoV infection are well reviewed [21, 62] . Briefly, secretor status is defined by the presence of functional fucosyltransferase 2 (FUT2) alleles, which express α1,2 fucosyltransferase 2, an enzyme that allows individuals with at least one functional FUT2 allele (i.e. secretors or secretor-positive) to express A, B, H-type 1, and Lewis b HBGAs antigens on their mucosal epithelial cells and in secretions [62] . Lack of functional α1,2 fucosyltransferase 2 (i.e. non-secretors or secretor-negative) has been associated with resistance to infection by certain strains of NoV [47, 63, 64] . Individuals who are homozygous recessive for inactivating mutations in the FUT2 gene (i.e. secretor negative) are largely resistant to infection by GI.1 NoV [47] and may also have decreased susceptibility to infection by other genogroups of NoV [42] . Overall, an estimated 70-80% of the population are secretors [65] , though secretor genotype varies by ancestry [66] .
Immunologic memory also factors into protection from NoV infection. Historically, broadly reactive NoV-specific IgG antibodies were not consistently associated with protection from subsequent NoV infection [67] [68] [69] . This may have been because in vitro testing by ELISA for NoV-specific antibodies did not correlate with in vivo ability to block interaction between NoVs and host cells [67] or because of confounding by genetic susceptibility [70] . Confounding by genetic susceptibility may occur because individuals who are genetically susceptible to NoV (e.g. secretor positive), compared to individuals who are genetically resistant, may be more likely to have high antibody titers. Specifically, individuals who are genetically susceptible to NoV, compared to those who are resistant, likely have been repeatedly infected and therefore developed an adaptive immune response to NoV (i.e. higher titers of NoV-specific antibodies). Some studies have found that strain-specific NoVblocking antibodies were associated with protection from NoV infection in a straindependent manner in humans [71] [72] [73] and in non-human primates [36] . For example, a study in chimpanzees suggests that strain-specific IgG may provide long-term resistance to infection by homologous NoV strains [36] . In addition to IgG antibodies, IgA antibodies may also help protect against NoV infection. An early salivary IgA antibody response to NoV challenge has been associated with protection from infection by GI.1 NoV [47] . This was further supported by a recent study by Ramani, et al. comprising a NoV challenge of human volunteers, which found that pre-challenge IgA-producing memory B cells significantly correlated with protection from infection by GII.4 NoV [74] .
Researchers have also identified immunologic correlates of protection from symptomatic infection. One of the first described immunologic correlates of protection from symptomatic infection was HBGA-blocking antibodies [67] . HBGA are present on the surface of enterocytes in the mucosal epithelium of the gut. Though the mechanism of NoV entry into host cells is still unknown, HBGA-blocking antibodies prevent NoV from binding to HBGA, which may reduce NoV's ability to enter host cells (reviewed in [21, 35] ). Another correlate of protection from symptomatic infection are hemagglutination inhibition (HAI) antibodies, a closely associated group of antibodies [75] . In addition, both HBGA-blocking and HAI antibodies have been proposed as surrogates for measuring virus-neutralizing antibodies, which has been supported by human [67, 75, 76] and non-human primate data [36] . Additional surrogates of protection from illness have also been proposed. For example, Ramani, et al. found that pre-challenge salivary IgA antibodies and NoV-specific IgG memory B cells were significantly associated with protection from symptomatic NoV infection [74] . As vaccine development continues, the need for reliable correlates of immunity and symptomatic protection remain important areas of future research.
5) Innate immunity to NoV
Over the past decade, the understanding of NoV immunology has grown immensely. Studies of the natural immune response to NoV have led to observations that were important for growing NoV in cell culture and to developing therapeutics. Although some work has been conducted in humans, most of the evidence comes from animal models and human NoV surrogates. Based on this work, the innate immune response appears to play a critical role in limiting viral replication and initiating a memory-generating adaptive immune response to NoV (Fig. 1 ).
Mouse models
In mouse models of NoV, the innate immune response limits viral replication largely through interferon (IFN)-dependent pathways. MNV infects macrophages and dendritic cells [77] , possibly in a manner dependent on microfold (M) cells ( Fig. 1 ), an epithelial cell associated with Peyer's patches and involved in antigen sampling from the gut lumen [78] . In in vivo MNV infection, viruses are recognized by MDA-5, a Rig-I-like helicase, which initiates the innate immune response [79] (Fig. 2 ). This innate sensing leads to the production of type I and type II IFN by antigen-presenting cells, which leads to the production of pro-inflammatory cytokines through the STAT-1 pathway [80, 81] (Fig. 2) . In primary macrophages isolated from wild-type mice, infection induces transcription factors interferon regulatory factor 3 (IRF-3) and IRF-7, which stimulate type I IFN production (IFN-α and IFN-β), though they are not necessary for governing their downstream antiviral effects [82] .
This innate response leads to inhibition of viral replication. Type I and type II IFN have been shown to inhibit MNV translation in macrophages and dendritic cells, with type I IFN blocking viral replication in a double-stranded RNA-activated protein kinase (PKR)-independent manner and type II IFN (IFN-γ) arresting it in a PKR-dependent manner [83] (Fig. 2) . In the absence of type I interferons, IFN-γ mediates antiviral activity against MNV by activating the autophagy protein (Atg) complex Atg5-Atg12/Atg16L1 (Fig. 2) , which inhibits the MNV replication complex in the cytoplasm of infected macrophages but does not act through autophagy-associated degradation [84] . In the absence of IFN-y, type I IFNs may limit MNV replication through the activation of interferon-stimulated gene 15 (ISG15). ISG15 may act to impede an early stage in the MNV life-cycle, such as entry or uncoating [85] (Fig. 2 ), but IFNs alone are not enough to clear the infection [86] . However the innate response may not occur unimpeded. MNV carries an additional ORF4, encoding virulence factor 1 (VF1), which antagonizes the innate immune response [28] . VF1 delays upregulation of CXCL10, ISG54, and IFN-β, and therefore enhances viral replication [28] . Interestingly, other NoVs (including human NoVs) do not share this gene, suggesting that human NoV may regulate the immune response through other mechanisms.
In some cases, the innate immune response may help with viral clearance or be exogenously stimulated to do so. Recent work has examined the role of IFN-λ, a type III IFN, in MNV infection. IFN-λ has been shown to be produced by cells in the mesenteric lymph nodes and Peyer's patches of healthy C57BL/6 control mice in response to infection by MNV-1.CW3 [86] . In contrast, MNV.CR6 infection of mice led to persistent infection and there was no initial induction of type III IFN production. However, treating the persistently MNV.CR6-infected mice with exogenous IFN-λ reduced viral persistence in the gut, eventually leading to viral clearance, without initiating an adaptive immune response [86] . Interestingly, antibiotic treatment of mice increased the antiviral effect of IFN-λ, suggesting that the bacterial microbiota may alter the innate immune response to viruses or its efficacy [87] .
5.2) Gnotobiotic pigs
Gnotobiotic pigs are one of the few models with available data regarding their innate immune response to human NoV. Their response to NoV is similar to the response seen in mouse models of MNV. Most animals used are relatively young and may have less developed innate immune systems, rendering them more sensitive to low doses of NoV [88] . Gnotobiotic pigs have less robust neutrophil responses [89] , fewer intraepithelial lymphocytes [90] , and less developed Peyer's patches [91] with a preponderance of T cells rather than B cells [90] . Nevertheless, they still mount an innate immune response to human NoV, in the form of elevated serum IFN-α, intestinal IFN-α, and serum IFN-γ, though IFN-α does not appear until later in infection [40] . As in wild-type mice infected with MNV, this innate response is important for limiting viral replication in an IFN-dependent manner. Studies have also assessed gnotobiotic pigs treated with simvastatin, a cholesterol-lowering medication that also inhibits IFN-α production and major histocompatibility complex (MHC) class II-dependent T-cell activation [58, 88] . These animals were more susceptible to NoV infection and shed virus for a longer duration and at higher levels [58, 88] . When gnotobiotic pigs which had not been administered simvastatin were treated with human IFN-α, they shed virus for a shorter duration and at lower levels than gnotobiotic pigs which were not treated with IFN-α or statins did. This result supports the role of IFN-α in controlling viral replication during NoV infection [58] .
5.3) Humans
There are limited human data regarding the innate immune response to NoV. Past studies of humans challenged with Norwalk virus (NV-GI.1) and Hawaii virus (GII.1) did not show induction of detectable levels of IFN in sera, jejunal aspirates, or jejunal biopsy specimens taken 48 to 96 hours post-challenge [92] . However, a Snow Mountain virus (SMV-GII.2) challenge study reported a significant rise in serum IFN-γ and IL-2 levels 48 hours postchallenge in infected individuals as compared with that of uninfected controls [46] . This result was supported by a study of fecal cytokines in NoV-infected travelers; they exhibited significantly increased fecal IL-2 and IFN-γ levels in diarrhea specimens [52] . These conflicting data suggest that more research is needed to clarify the nature of the human innate immune response to NoV and whether it differs by strain.
6) Adaptive immunity to NoV
Though the innate immune response is important for blocking viral replication through early IFN production, its other key role is in initiating the adaptive immune response. Based on animal models, the adaptive immune response helps clear NoV infection and may generate immunologic memory to prevent reinfection (Fig. 1). 
6.1) Mice
While the action of IFNs and the innate immune response inhibits viral replication, adaptive immunity seems critical for viral clearance. B cells and T cells seem necessary to clear NoV infection. B-and T-cell deficient RAG1 and RAG2 knockout mice have been shown to develop persistent or extended MNV infections with high viral RNA titers [80, 93] . B cells are hypothesized to help clear MNV infection through antibody production. In support of this hypothesis, B-cell deficient RAG1 knockout mice that received a transfer of B cells, incapable of producing NoV antibodies, did not clear MNV and were statistically no different from B-cell deficient RAG1 knockout mice [93] . However, RAG1 knockout mice that received infusions of MNV antibodies showed reduced MNV RNA titers [93] . Further, in a study of MNV capsid protein-vaccinated mice, broad T-and B-cell activation, including CD4 + and CD8 + T cells, was necessary for NoV resistance [94] , indicating that T cells may also be necessary, alongside antibody-producing B cells, for clearing NoV infections. This multifaceted response is reflected in the serum cytokine response of wild-type mice orally administered MNV [95] . Ten days post-challenge, these mice were shown to have significantly elevated serum levels of IL-1α, IL-1β, IL-2, IL-6, IL-10, IL-12, IL-17-A, IFN-γ, TNF-α, G-CSF, and GM-CSF compared to unchallenged mice [95] . This systemic cytokine response occurs in the absence of visible histopathologic changes in the gut [95] , indicating that an immune response to NoV is not necessarily associated with NoV-induced pathology.
Recent work indicates that a suboptimal NoV-specific CD8 + T-cell response results in persistent MNV infection [96] . Mice with lower levels of activated MNV-specific CD8 + T cells were shown to have long-term MNV infections that they were unable to clear, whereas mice with higher levels of CD8 + T-cell activation were able to clear the MNV infection [96] . Furthermore, RAG1 knockout mice that received a transfer of activated MNV-specific CD8 + T cells had significantly reduced viral loads, indicating that CD8 + T cells are another key component of the adaptive immune response that clears NoV infection [96] . However, to prevent successive NoV infection, antibodies and CD4 + T cells are more important [97] . The presence of MNV-3-specific antibodies or CD4 + T cells were each sufficient for partial protection from reinfection with MNV-3, but CD8 + T cells alone did not provide protective immunity from infection with MNV-3. These situations may be similar to the chronic NoV infection observed in immunocompromised patients with impaired B-and T-cell responses, who are unable to clear the virus [54, [98] [99] [100] . Indeed, many transplant recipients are only cured of their NoV infections when their immunosuppressive medication dosing is relaxed [101] .
In vitro work supports the importance of the Th1-type response in MNV infection and the production of IFNs in the immune response to NoV. MNV-1 infected murine RAW264.7 macrophages were shown to have a Th1-skewed response, with upregulation of CCL2, CCL3, CCL4, CCL5, CXCL2, CXCL10, and CXCL11 genes [102] . In vivo, some of these chemokines (e.g. CXCL10, CXCL11) can be induced by type I or type II IFNs and are important for Th1-cell trafficking [103] . Thus, the early innate response may be critical for laying the foundation for later viral clearance.
Interestingly, different MNV strains induce different levels of protective immunity. In wildtype mice, MNV-3 has been shown to be associated with strong homotypic and heterotypic protection against re-challenge by MNV-3 or MNV-1 in a type I IFN-independent and Band CD4 + T-cell dependent manner [97] . MNV-3 induced significant serum IgG and mucosal IgA antibody responses that were reactive against antigens from both MNV-3 and MNV-1 [97] . However, MNV-1, a more virulent strain, did not induce heterotypic antibody production and led to lower levels of IgG and IgA antibody production compared with that following MNV-3 infection. One hypothesis for this strain-specific difference may be antagonism of the innate immune response. MNV-1 infected RAW264.7 cells exhibited lower levels of IFN-β, TNF-α, and MCP-1 transcripts [28, 97] . MNV-1 may also interfere with maturation of antigen presenting cells, leading to decreased T-cell activation [97] . Some of these effects may be related to MNV strain-specific differences in a protruding region of VP1, a capsid protein, as alterations in the sequences of the genes coding for the P2 region of VP1 have been found to be associated with differences in MNV strain virulence in STAT1 knockout mice [104] , however others may be related to strain-specific differences in VF1 [97] . The presence of strain-related differences in MNV virulence and its impact on the immune response suggest that future work should consider whether strain-specific differences are present in human NoVs and impact the human immune response to NoV.
6.2) Gnotobiotic pigs and calves
NoV-infected gnotobiotic pigs and calves exhibit similar innate and adaptive cytokine and antibody responses to that in mice, and may serve as better models of primary NoV infection in humans because of immunologic and physiologic similarities to humans [89] and the ability to be infected with human NoVs (Table 1) . NoV-infected gnotobiotic pigs show an early increase in IFN-γ [40] , suggestive of an IFN-dependent innate anti-viral response. This is then followed by Th1 and Th2 activation. Specifically, infected animals develop significant elevations in serum IL-4, IL-6, and IL-10 between 2 and 8 days post-challenge [40] . They also exhibit persistently elevated serum IL-12 and intestinal IL-12 post-challenge [40] . Viral clearance in gnotobiotic pigs is associated with antibody responses in the form of low titers of NoV-specific serum IgG antibody [43] and detectable IgM, IgA, and IgG andtibodies in their intestines [40] . These levels of antibodies are positively correlated with the severity of diarrhea [40] .
Gnotobiotic calves inoculated with human GII.4 NoV were shown to initially respond similarly to gnotobiotic pigs administered the same inoculum. Namely, the initial innate response appeared to be IFN-mediated, and was followed by serum and fecal cytokine elevations that suggested Th1 and Th2 activation [39] . NoV-infected gnotobiotic calves have an early increase in serum IFN-γ compared to uninfected animals [39] . Moreover, over the course of infection, infected gnotobiotic calves show increases in serum TNF-α, IL-4, IL-10, and IL-12 cytokine levels [39] . Fecal TNF-α, IFN-γ, IL-4, IL-10 and IL-12 were also elevated in infected calves as compared to controls. Adaptive immunity, through antibody responses following challenge, includes low titers of IgA, IgM, and IgG antibodies [39] and IgA-and IgG-secreting cells in the intestine and serum 28 days following challenge, with the highest concentration found in the intestine.
6.3) Humans
In humans, NoV infection leads to Th1-skewed T-cell activation in addition to a B-cell response. A study of five healthy volunteers with evidence of prior GII.4 infection (or infection by a strain that generated cross-reactive antibodies) showed that their peripheral blood mononuclear cells (PBMCs) expressed CD80, CD86, CD40, and HLADR activation markers, following GII.4 NoV virus-like particle (VLP) stimulation, indicating T-cell maturation [105] . Stimulation with GII.4 NoV VLPs also led to secretion of IFN-γ, IL-6, and TNF-α, suggesting Th1 and some possible Th2 activation [105] . NoV challenge study results have also shown in vitro cytokine responses by PBMCs collected 4 to 21 days postchallenge to be consistent with Th1 and some possible Th2 activation following stimulation with challenge study virus VLPs with significant elevations in IFN-γ, IL-2, and IL-5 and non-significant elevations in TNF-α, IL-4, and IL-10 [46, 106] . Depletion of CD4 + and CD8 + T cells in vitro has shown that CD4 + T cells are largely responsible for IFN-γ production following in vitro VLP stimulation [46] .These results are consistent with serum cytokine changes observed during challenge studies and observational research. Specifically, SMV-infected challenge study participants showed significant elevations in serum IFN-γ and IL-2 concentrations 2 days post-challenge [46] . Some other studies have also identified elevated serum IL-5, IL-6, IL-8, and MCP-1 in response to natural NoV infection [46, 107, 108] . These results indicate that human NoV infection leads to a Th1-driven response with possible Th2 involvement. This is further supported by challenge study and population studies indicating that, following NoV infection, IgG1 antibody predominates among IgG subclasses [46, 109] .
As previously noted, immunocompromised patients can develop chronic NoV infections [54, [98] [99] [100] . Anecdotal evidence from these case reports suggest that T cells, in particular CD4 + cells, and B cells may be important for NoV clearance [100, 110] . In one case report, an HIV-positive individual with AIDS and a chronic NoV infection showed a decrease in NoV RNA titer after successful initiation of an antiretroviral regimen and subsequent increase in CD4 + cell count [110] . In a case study, T-cell recovery following pediatric hematopoietic stem cell transplant was correlated with clearance of chronic NoV infection [100] . Other reports of immunocompromised patients have suggested that intravenous or enteral immunoglobulin may be a potential therapy for chronic NoV infection, though its efficacy is unproven [98, 99] . However, B cells alone do not appear sufficient in immunocompromised patients to prevent chronic NoV infection, as evidenced by a case of an individual with normal serum concentrations of IgG, IgA, and IgM antibodies but with severely compromised T-cell function who developed a chronic NoV infection lasting over two years [111] .
In humans, NoV infection has been shown to induce increases in IgA, IgG, and IgM antibodies [74, 106, [112] [113] [114] , the kinetics of which have been summarized in greater detail elsewhere [115] . IgA is one of the earliest antibodies produced at detectable levels and begins to rise around day 5 post-challenge in serum and as early as day 2 post-challenge in saliva [45, 47] . Strain-specific fecal IgA antibody levels are associated with lower viral RNA titer in stool and less severe illness [74] . NoV infection also results in IgM antibody production [114] . IgG antibodies begin to develop around day 7 post-challenge, with 100% of infected individuals exhibiting IgG sero-response 14 days post-challenge [45] . Some of these antibodies may prevent reinfection with the same or related strain, but given the patterns of cross-reactivity and broad within-genogroup diversity, antibody-mediated protection derived from a single NoV infection may not extend to the entire genogroup of related NoVs, particularly for GII NoVs [46, 106] . For example, GII.1 and and GII.2 infections sometimes generate serum IgG antibodies that are cross-reactive in vitro against GI.1 capsid antigens, but the antibody reactivity is lower than that in individuals who are infected with a GI.1 NoV, and they do not generally produce cross-reactive serum IgA or IgM antibodies [116] . To date, challenge studies and epidemiologic research provide evidence both for and against the hypothesis that prior infection protects from subsequent infection with a heterologous strain (across genotype or genogroup) [117] [118] [119] .
Interestingly, there is conflicting evidence regarding the duration of protection from symptomatic infection by homologous strains. Epidemiologic modeling suggests that duration of immunity may range from 4 to 8 years [120] . One challenge study found complete protection against symptomatic infection by a homologous strain when rechallenge took place 6 to 14 weeks later [117] , though in a different study, homologous rechallenge 8 weeks after an earlier symptomatic infection led to a second symptomatic infection [121] . The only studies to consider longer timeframes have found some individuals who initially became ill were not protected from symptomatic infection when rechallenged with a homologous strain 6 months later [69] and no individuals who became ill in an earlier challenge were protected from infection when rechallenged 27 to 42 months later [69, 121] .
Overall, the evidence from animal models, NoV surrogates, observational human research, and human challenge studies suggest that while the innate immune response is critical for limiting the severity of NoV infection, it is insufficient for viral clearance. NoV may antagonize the innate immune response in order to establish or prolong infection, but once a robust adaptive immune response is initiated, the immune system clears the infection through the action of both T cells and B cells, simultaneously generating immunologic memory, which is highly specific and may be short-lived.
7) Frontiers in NoV immunology
NoV immunology is in the midst of exciting transformations, thanks to vaccine development work, novel cell culture systems, and advances in understanding the role of the gut microbiome. These changes reinforce the need for better understanding of the human immune response to NoV and suggest novel hypotheses regarding pathogenesis and protection.
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7.1) Vaccine development
One of the most significant public health-related developments in NoV immunology is the clinical testing of VLP-based vaccines [41, 122] . A NoV vaccine is most needed in developing parts of the world, such as in many African and southeast Asian countries, where the burden of diarrheal disease remains highest [8] [9] [10] [11] [12] . The most recent vaccine iteration is a bivalent vaccine GI.1 and GII.4 NoV VLPs expressing VP1. This bivalent vaccine has proven effective in reducing the severity of illness. However, it has not been associated with a significant reduction in infection rate in healthy adults challenged with a GII.4 strain following vaccination with VLP-based vaccine or placebo [41] . An earlier monovalent formulation of the vaccine with GI.1 NoV VLPs showed a reduction in the rates of infection and illness among healthy adults challenged with GI.1 NoV following vaccination [122] . VLP vaccines for NoV have been shown to be immunogenic when administered through a variety of different methods [123] [124] [125] [126] , generating NoV VLP-specific serum IgG and IgA antibodies [125, 126] , antibodies in serum blocking the interaction between vaccine-strain NoV VLPs and HBGAs [126] , and an expansion in the number of antibody-secreting cells as early as 7 days post-vaccination [124, 125] .
In addition to the difficulty in establishing protective immunity from infection, there are some additional questions regarding the vaccine's long-term prospects (reviewed in [127] ). Some key issues are that NoVs are highly diverse, and the lack of strong host heterotypic protection from prior NoV infection [117] may foretell difficulties in creating any single vaccine with broad protection. Total NoV-specific IgG antibody concentration is not consistently associated with protection from infection [67] , suggesting that cross-reactive antibodies may not confer complete protection. Because these vaccine studies challenged individuals with NoV relatively soon after vaccination [41, 122] , it was not possible to measure the duration of protection to these vaccines. Lastly, in areas that would benefit most from a vaccine, many individuals may be malnourished. Malnourished mice have been shown to develop less protective immunity following NoV infection, including weaker antibody responses and higher viral RNA titers, [128] , suggesting that malnourished, NoVinfected humans may form a similar response. Therefore, it will also be critical to address the immunogenicity of a NoV vaccine under similar circumstances. Nevertheless, there are plans to complete field trials in adults, and safety trials in children, with VLP-based vaccines in the near future (ClinicalTrials.gov NCT02142504 and NCT02153112).
7.2) NoV and the microbiome
In addition to vaccine development work, researchers have begun to investigate the interplay between NoVs and the microbiome in vivo. There is evidence that NoV infection might alter the composition of the gut microbiome [128] [129] [130] . A subset of travelers infected with NoV were shown to have significantly reduced numbers of Bacteriodetes and increases in Proteobacteria compared to uninfected controls [130] . The increase in intestinal Proteobacteria was driven by increases in non-enteropathogenic Escherichia coli during NoV infection. Studies in mice have been equivocal with regard to the response of the gut microbiota to MNV infection. One study reported that C57BL/6 mice did not have disruption of the gut microbiota following MNV-1 or MNV-4 infection [129] . A later study found that healthy C57BL/6 mice did show alterations in the composition of their gut microbiota following MNV-1 infection but malnourished mice did not [128] . Nonmalnourished mice infected with MNV-1 showed a significant reduction in the proportion of Bacteriodetes, as was seen in humans [130] , and an increase in Firmicutes.
Beyond descriptive findings, there is a growing body of knowledge related to the complex interplay between NoV and the microbiome. Research in mice indicates that gut bacteria may play a critical role in NoV infection [87] . Mice treated with broad-spectrum antibiotics were largely resistant to persistent infection by MNV CR6. No single antibiotic was solely responsible for resistance, and resistance depended on intact innate immune responses, particularly IFN-λ, STAT1 and IRF3 [87] . The work suggests that commensal bacteria, which had been largely reduced by treatment with antibiotics, may counteract the innate immune response to NoV, limiting its efficacy in preventing infection. A second hypothesis is that commensal bacteria may even help NoV enter target cells, a hypothesis supported by the BJAB culture system for human NoV, which relies on the presence of an enteric bacterium for infection to occur [31] (Fig. 1) . There is also a growing appreciation for the impact of NoV infection on the immune response to other microbes. MNV has been shown to suppress the human immune response rather than simply evade it [28, 97] , and in the presence of underlying genetic and microbiome factors, may lead to inflammatory illness [131, 132] . Mice deficient in Atg16L1, an autophagy gene that is associated in humans with Crohn's disease, when infected with MNV CR6, were shown to develop a Crohn's-like illness mediated by TNF-α and IFN-γ, but they did so only when commensal bacteria were present [131] . When treated with broad-spectrum antibiotics, the mice were protected from developing a Crohn's-like illness, suggesting that normal gut microbiomes may become a nidus for inflammatory disease following an infectious trigger in individuals who are genetically more susceptible to inflammatory conditions [131] . NoVs may be one such trigger. In a similar set of experiments, Basic et al. found that IL-10 knockout mice with normal gut microbiota developed mucosal inflammation following MNV infection, but germ-free knockout mice did not develop illness following MNV infection [132] , suggesting that NoV infection may be an inciting event for inflammatory gastrointestinal illness among susceptible individuals.
The effect of NoV infection on gut homeostasis may be even more complicated. NoV infection in the presence of specific genetic and environmental factors may lead to illness, but in the absence of an intact bacterial microbiome, MNV has been shown to promote the healthy development of mucosal immunity [133] . Specifically, germ-free mice experimentally infected with MNV CR6 developed apparently healthy small intestines with more normal levels of CD4 + and CD8 + T cells compared with those of uninfected germ-free mice and more comparable serum antibody levels and markers of cellular function, such as Paneth cell granules, lysozyme expression, and IFN-γ expression [133] . In antibiotic-treated mice, MNV infection also prevented intestinal injury by Citrobacter rodentium and enhanced the immune response [133] . Based on this work, it appears that NoV may play a commensal role under certain conditions.
8) Conclusions
Despite huge advances since the identification of NoV over 40 years ago, major questions remain unanswered. The cellular tropism of NoV remains unknown. There are no small animal models that mimic human NoV pathogenesis and there is still no in vitro infectivity assay, though the novel cell culture system may be one possible option. 
